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ABSTRACT
Binary neutron star (BNS) mergers are one of the proposed origins for both repeating
and non-repeating fast radio bursts (FRBs), which associates FRBs with gravitational
waves and short gamma-ray bursts (GRBs). In this work, we explore detectability of
radio counterparts to an FRB by calculating the radio afterglow flux powered by the
two components: a relativistic jet and a slower isotropic ejecta from a BNS merger.
Detection probability of a radio afterglow for a FRB is calculated as a function of
the source redshift, observing time, and flux sensitivity, assuming that FRBs are not
strongly beamed. The model parameter distributions inferred from short GRB after-
glows are adopted. We find that the detection probability for an FRB at z = 0.5 is 3.7
and 4.1 % for the jet and isotropic components, respectively, when observed at the
timing of their peak flux (∼10 days and 1 year) with a typical sensitivity of 10 µJy. The
probability increases to 10 and 14 %, respectively, with ∼1 µJy sensitivity achievable
with future facilities (e.g. SKA). In particular for the repeating FRB 180916.J0158+65,
we find a high chance of detection (60% at 10 µJy sensitivity) for the isotropic com-
ponent that would peak around ∼10 years after the merger, as a natural consequence
of its close distance (z = 0.03). Therefore a long term radio monitoring of persistent
radio emission for this object is important. The detection probability is similar for the
jet component, though the peak time (∼200 days) has likely already passed for this
FRB.
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1 INTRODUCTION
Fast radio bursts (FRBs) are radio transients with an intrin-
sic pulse width of milliseconds, whose origin is still enigmatic
(Thornton et al. 2013). Nearly 100 FRBs have been discov-
ered (Petroff et al. 2016)1 since the first event archived in
2001 and reported in 2007 (Lorimer et al. 2007), with an
all sky rate ∼ 103 – 104 sky−1 day−1 above a 1 Jy ms flu-
ence threshold (Keane & Petroff 2015; Lu & Piro 2019).
Their large dispersion measures (the integrated column den-
sity of free electrons along the line of sight) exceeding the
contribution by electrons in the Milky Way Galaxy, as well
as the direct localization of host galaxies of some FRBs,
point to an extragalactic origin and implies source redshift
in the range of z = 0.1–1 (Chatterjee et al. 2017; Marcote
et al. 2017; Tendulkar et al. 2017; Bannister et al. 2019;
Prochaska et al. 2019; Ravi et al. 2019; Cordes & Chat-
terjee 2019; CHIME/FRB Collaboration et al. 2019; Lu &
? E-mail: haoxiang@astron.s.u-tokyo.ac.jp
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Piro 2019). While some of the FRBs are found to be repeat-
ing sources (Spitler et al. 2016; CHIME/FRB et al. 2019;
CHIME/FRB Collaboration et al. 2019), most seem to ap-
pear only once despite the intensive searches for possible
repeating signals (Lorimer et al. 2007; Petroff et al. 2015;
Shannon et al. 2018). The distribution of intrinsic pulse time
width is different for repeating and non-repeating FRBs, as
observed by CHIME, which implies different origins of these
two populations (CHIME/FRB Collaboration et al. 2019).
The high power and short timescale of FRBs naturally
associate them with compact stars (see reviews by Cordes
& Chatterjee 2019; Platts et al. 2019), especially neutron
stars because of their enormous gravitational and electro-
magnetic energies and short characteristic time scales of
O(GM/c3) ∼ 10µs. One scenario is that a non-repeating
FRB is produced at the time of merger of a binary neutron
star (BNS) (Totani 2013; Zhang 2014; Wang et al. 2016;
Yamasaki et al. 2018), while repeating FRBs may also be
powered by the surviving remnant from the merger (Ya-
masaki et al. 2018; Margalit et al. 2019). The BNS merger
scenario is particularly interesting because of the potential
© 2018 The Authors
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relation to gravitational waves (GWs) and short gamma-ray
bursts (GRBs). The high end of the currently estimated BNS
merger rate, 110–3840 Gpc−3 yr−1 (90% confidence inter-
vals) by LIGO and VIRGO during O1 and O2 observations
(Abbott et al. 2019), is within an order of magnitude of (al-
though perhaps lower than) the FRB event rate, which can
be translated into a local volumetric rate of ∼ 103–104 Gpc−3
yr−1 by assuming a maximum redshift of z ∼ 1 (Totani 2013).
Another hint is the recent localization of FRB 180924 and
190523 to massive, weakly star-forming galaxies (Ravi et al.
2019; Bannister et al. 2019) which suggests that the progen-
itor of non-repeating FRBs belongs to an old stellar popu-
lation.
The possible relation between FRBs and BNS mergers
leads to potential multi-wavelength electromagnetic coun-
terparts including short gamma-ray burst afterglow and r-
process kilonovae like those observed in the BNS merger
event GW170817 (see Abbott et al. 2017a,b, and references
therein). Such a hypothesis has been tested by deep tar-
geted search for FRBs from GRB remnants (Madison et al.
2019; Men et al. 2019) and optical follow-up of FRBs (Niino
et al. 2014, 2018; Tominaga et al. 2018), but no significant
candidate has been identified. Identification of any electro-
magnetic counterpart to an FRB will not only help pinpoint
its host galaxy, but also provide crucial information on the
progenitor system and ambient environment.
Throughout this paper we consider BNS mergers as the
progenitor model for (both repeating and non-repeating)
FRBs, and focus on the detectability of radio afterglows
lasting for years by a relativistic outflow interacting with
ambient matter (Nakar & Piran 2011; Troja et al. 2019; Ha-
jela et al. 2019). Like what we observed in GW170817, a
BNS merger produces a relativistic structured jet that con-
tains an energetic core and exponentially faints outward,
and also produces a quasi-isotropic neutron-rich ejecta that
powers a kilonova (e.g. Troja et al. 2019; Villar et al. 2017,
and reference therein). Both a jet and an isotropic ejecta
will result in observable afterglow with different observable
brightness and timescales, and we discuss their detectability
by radio observations in order to test the BNS merger model
of FRBs.
For calculation of radio afterglows from BNS mergers,
we use the model developed by our previous work (Lin et al.
2019). A unique point of this model is treating the efficiency
of electron acceleration and the minimum electron energy as
independent parameters, while other previous models made
an oversimplified assumption that all electrons in the shock
is accelerated as nonthermal particles. As a result of one
more degree of freedom, we found a quantitatively different
fit to the observed light curve of GW170817.
The paper is organized as follows: in Section 2, we de-
scribe the models of outflow dynamics and afterglow emis-
sion. In Section 3, we present radio afterglow light curve
calculation, Monte Carlo simulation of flux distribution, and
determine detection probability as function of given source
redshift and detector sensitivity. The discussion and conclu-
sion are given in the Section 4 and 5.
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Figure 1. Radio (1.4 GHz) afterglow light curves of structured
jet viewed in various angles (blue) and isotropic ejecta (orange)
from a source at z = 0.5. The solid lines account for the typical
ambient density in a star forming galaxy (1 cm−3 ) while dotted
lines for an old elliptical galaxy (10−3 cm−3 ).
Parameters Median Standard Deviation
log(Ek, iso [erg]) 51.2 0.83
log(n [cm−3]) -1.57 1.63
θ j [deg] 5.8 1.2
p 2.39 0.23
Table 1. Median and 1σ scatter of Gaussian fit to the parame-
ter cumulative distributions by short GRB afterglow observation
(Fong et al. 2015).
2 MODEL
We apply the same model in Lin et al. (2019) for both out-
flow dynamics and afterglow emission, as described below.
Two outflow components are considered to power the af-
terglow emission: an axisymmetric angularly-structured jet
with Gaussian energy/Lorentz factor profile, and (quasi-
)isotropic ejecta with power-law radial velocity stratifica-
tion. The relevant model parameters include isotropic en-
ergy (Ek,iso), initial Lorentz factor (Γ0), ambient ISM par-
ticle number density n of hydrogen, angular width of the
Gaussian jet (θ j), and power-law index of ejecta stratifica-
tion (α). Here Ek,iso and Γ0 refer to the isotropic-equivalent
energy and Lorentz factor of the jet head, as well as the
total energy and common Lorentz factor of isotropic ejecta,
respectively. Then the evolution of shock into any direction
can be solved as the shock velocity β(R) as function of the
shock radius R.
For the electron distribution developed in shock accel-
eration, we approximate the solution by broken power law
(see also Sari et al. 1998). The relevant parameters include
the fractions of internal energy transferred to electrons and
magnetic field (e, B), power-law index of electron injection
(p) and number fraction of injected electrons in the down-
stream ( f ). Using the electron distribution as input, the co-
moving synchrotron energy spectrum P(ν, R) is calculated as
MNRAS 000, 1–7 (2018)
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Figure 2. Detection probabilities of (1.4 GHz) radio afterglow powered by the jet (left) and isotropic ejecta (right) components at a
detector sensitivity of 1, 10, 100, and 1000µJy, as a function of source redshift and observation time. Contours of 0.1, 1 and 10% detection
probabilities are shown. Color scale below 0.1% is not shown due to the insufficient sensitivity of the calculation.
function of comoving photon frequency ν and shock radius
R using the public Python package naima (Zabalza 2015).
The effect of synchrotron self absorption is ignored since it
does not affect our result significantly.
Finally, the energy flux received by a distant observer is
obtained by integrating the Doppler boost of P(ν, R)/(4piD2L)
over the photon equal time arrival surface, which can be
solved from β(R) in all directions (see also Granot et al.
1999), given the following observer parameters: observed
photon frequency νobs, observed time tobs, viewing angle θobs,
and luminosity distance DL .
3 RESULT
3.1 Radio afterglow light curve
Radio (1.4 GHz) afterglow light curves from a source lo-
cated at z = 0.5, the median redshift of detected FRBs (e.g.
Petroff et al. 2016), are shown in Fig.1 for illustration. The
parameters for jet/ejecta components are chosen as follows:
Ek,iso = 10
51 erg, Γ0 = 100, θ j = 6
◦, and viewing angles rang-
ing from 0 to 0.5 for jet; Ek,iso = 10
51 erg, Γ0 = 1.05, α→ ∞
(i.e. single velocity) for ejecta. The common parameters are
e = 0.1, B = 0.01, p = 2.2, f = 1, and the typical ISM den-
sities in a star forming galaxy (1 cm−3 ) and an old elliptical
galaxy (10−3 cm−3 ), respectively (Wiggins et al. 2018).
Note that while the jet afterglow seems to be brighter
than the ejecta afterglow in Fig.1, viewing angles in the pre-
sented range only constitute 13% of the whole population
assuming random binary orientation. For the median value
(〈θobs〉 = 60◦), jet produces comparable afterglow flux to
ejecta, which results in the comparable detection probabil-
ity (but different peak time) shown in Fig.2 and 3.
3.2 Detection probability from simulated events
Here we present estimate of radio afterglow detection prob-
ability, assuming the model parameter distributions as fol-
lows. For the jet component, we assume the orientation of
the BNS system to be uniform spherical distribution, i.e.
a differential θobs distribution of dP/dθobs = sin(θobs) for
0◦ < θobs < 90
◦ and 0 otherwise. The initial Lorentz fac-
tor Γ0 = 100 is fixed. We adopt the Gaussian fits (Table.1)
to the cumulative distributions of isotropic-equivalent on-
axis energy Ek,iso, ambient density n, opening angles θ j and
electron index p inferred from short GRB afterglow obser-
vations (Fong et al. 2015, F15), with fixed values of e = 0.1,
B = 0.01, f = 1 and a lower bound of nmin = 10
−4 cm−3 for
the n distribution imposed by F15. The distribution of θ j
is estimated using only GRBs showing jet breaks in their
afterglows.
For the isotropic ejecta component, the same distribu-
tions of n and p are used, but Ek,iso = 10
51 erg and Γ0 = 1.05
are fixed because no observational constraint is available for
its scatter. We assume α → ∞ (i.e. single velocity struc-
ture) for simplicity, also considering the observational con-
straint α > 6 suggested from late time radio monitoring of
GW170817 (Hajela et al. 2019).
Producing many model parameter sets by the Monte-
Carlo method, we calculated radio light curves for each
model set, and determined the detection probability as a
function of a given detection threshold Flim, a source red-
shift z, and the observation time tobs. The result is shown
MNRAS 000, 1–7 (2018)
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Figure 3. The maximum detection probability (upper) and the corresponding best observation time (lower) as a function of redshift
and detector sensitivity. FRBs with reported upper limits on a persistent radio emission listed in Table.2 are shown by plus marks.
in Fig.2, where the observed frequency is fixed at 1.4 GHz.
We further calculate the maximum detection probability at
the best timing about tobs. The maximum probability and
the corresponding best observation time are shown in Fig.3
as a function of redshift and detector sensitivity. FRBs with
reported upper limits on radio afterglows (Scholz et al. 2016;
Shannon & Ravi 2017; Mahony et al. 2018; Bannister et al.
2019; Ravi et al. 2019; CHIME/FRB et al. 2019; Prochaska
et al. 2019; Marcote et al. 2020) are marked and also listed
in Table.2.
4 DISCUSSION
4.1 Detection prospects
At the typical sensitivity of current radio telescopes (10–
100µJy), the detection probability is estimated to lie be-
tween 1–10% for a source located at z < 1 (which includes
the majority of the present FRB sample), and increase to
>10% at z < 0.1. At 1µJy sensitivity, which is the designed
level of SKA, all FRBs with z < 1 will have >10% detection
prospects. Due to the comparable radio flux density levels
produced by the jet (with median value of viewing angle
〈θobs〉 = 60◦) and isotropic afterglow components, the maxi-
mum detection probabilities at the best observing time have
similar appearance for the two components on the redshift-
sensitivity plane (Fig. 3). However, the peak time is much
MNRAS 000, 1–7 (2018)
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Table 2. Radio afterglow detection probabilities for FRBs with reported upper limits Flim on a persistent radio emission.
Source za detector νobs [GHz] Flim [µJy]
b tlim [day]
b Pjet (Pej)
c tjet (tej) [day]
c Reference
FRB 121102* 0.19 VLA 1.6 300 (5σ) 1117 2% (2%) 20 (280) Scholz et al. (2016)
FRB 180814* 0.1 (max) VLA 3 720 (5σ) - 3% (3%) 20 (380) CHIME/FRB et al. (2019)
FRB 180916* 0.0337
EVN 1.7 30 (3σ) 275 41% (55%) 140 (5000)
Marcote et al. (2020)
VLA 1.6 18 (3σ) - 45% (59%) 215 (5000)
FRB 131104 0.55 (max) ATCA 5.5 70 (5σ) 3–900 1% (0.7%) 20 (190) Shannon & Ravi (2017)
FRB 171020 0.08 (max) ATCA 2.1 200 (5σ) 218 6% (7%) 50 (520) Mahony et al. (2018)
FRB 180924 0.3214
ATCA 6.5 20 (3σ) 1–10 4% (5%) 30 (460)
Bannister et al. (2019)
ASKAP 1.3 450 (3σ) 2 0.6% (0.5%) 20 (170)
FRB 190523 0.66 VLA 3 360 (3σ) - 0.2% (0.06%) 6 (140) Ravi et al. (2019)
FRB 181112 0.4755 ATCA 6.5 21 (3σ) 5 2% (2%) 20 (350) Prochaska et al. (2019)
* Repeating FRB sources
a Redshifts inferred from localized host galaxies, except those of FRB 180814, 131104 and 171020 which were inferred as the maximum values
from their dispersion measures (see corresponding references).
b Upper limits on the possible persistent radio emission and corresponding observation times after FRB detection (or after detection of the first
burst in the case of repeater). VLA limits for FRB 180814, 180916 and 190523 were obtained based on the non-detection in the VLA Sky
Survey performed in 2017 (https://science.nrao.edu/vlass), i.e., prior to the FRB detection.
c The maximum detection probability by the flux limit of Flim and the corresponding best observation time, for the jet and isotropic components
(the latter in parentheses).
earlier for jet afterglow (∼10 days after the merger) due to
the relativistic velocity of jet, compared with the mildly-
relativistic isotropic ejecta (∼1 year after the merger).
Note that Fig.3 shows a tendency of later peak time tp
towards closer distance and higher sensitivity. The key to
interpret this result is the scaling relation of afterglow peak
flux and peak time: Fp ∝ Ek,ison(p+1)/4, tp ∝ (Ek,iso/n)1/3.
If the scatter in Ek,iso is negligible, the scatter in ambient
density n leads to a negative correlation Fp ∝ t−(3p+3)/4p , i.e.
fainter event with later peak time. This negative correla-
tion remains true as long as Ek,iso is less scattered compared
with n, which is the case for short GRBs (Table 1), though
the correlation is weaker due to the finite scatter of Ek,iso.
Consequently, a higher sensitivity or a closer source will al-
low much fainter detections, which eventually leads to the
tendency of later peak time.
4.2 Consistency with radio afterglow limits on
FRBs
We discuss whether or not the available limits on persistent
radio emission imposed on some FRBs by follow-up observa-
tions is consistent with our calculated detection probability.
From Table 2, we found that the detection probabilities for
most FRBs are typically in the range of 1–10%. Considering
that the total number of the available sample is less than 10
FRBs, the non-detection of any associated radio afterglow
does not strongly constrain the BNS progenitor model.
Repeating FRB 180916.J0158+65 is the only exceptions
with a promising detection prospect (∼ 60% at 20 µJy sen-
sitivity) for the isotropic component that peaks around ∼10
years after the merger, as a natural consequence of its close
distance (z = 0.03). Yet the probability does not go up to
100% mainly because of the low ambient densities that may
appear in the adopted parameter distribution. We further
note that the repeating FRB activity would start 1–10 years
after a BNS merger Yamasaki et al. (2018). Therefore there
is a reasonable chance to detect a radio afterglow for this
source in the near future, though no detection does not give
a strong constraint.
The ambient density distribution adopted in this work
from F15 is widely spread from 10−4 to 10 cm−3. How-
ever, some FRBs listed in Table.2 are well localized to a
type-specified host galaxy. Therefore, the detection proba-
bility is underestimated if the source is localized in high
density environment like star-forming region (e.g. FRB
180916.J0158+65), and overestimated if localized in a more
diffuse environment like an early-type galaxy or outskirt re-
gions (e.g. FRB 180924, 190523).
4.3 Caveats on the jet opening angle
The distribution of jet opening angle θ j assumed in this work
significantly affects the detection probability as it scales with
θ2j . We note one important caveat that while we assumed the
same parameter distributions for short GRBs and FRB af-
terglows in the BNS merger progenitor model, the parameter
space in which an FRB is produced may not coincide with
MNRAS 000, 1–7 (2018)
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that for successful GRB jet formation. One such scenario is
that FRBs may appear in a BNS merger with a “choked”
or failed jet in the parameter space of smaller (Ek,iso)jet and
larger θ j , e.g. (Ek,iso)jet < 0.05(Ek,iso)ejθ2j (Duffell et al. 2018),
which may produce a bias against afterglow detections at
larger viewing angle (. 23◦). However, the resulting detec-
tion probability does not necessarily increase because the
expected flux is fainter at a larger viewing angle.
Another caveat is that we have used the θ j distribu-
tion of F15 based on 4 short GRBs with jet break measure-
ments, which is narrowly peaked at 6◦ with a 1σ scatter of
1◦. F15 also provided another distribution by including 7
more samples with lower bounds on θ j and assuming equal
weighting over all 11 events, which extends the cumulative
distribution almost linearly to an ad hoc maximum angle
(30◦, 90◦). Considering the uncertainty in the treatment of
these additional events, and the fact that the value of narrow
θ j distribution is well consistent with the jet width (θ j ∼ 5◦)
seen in GW170817 (Troja et al. 2019; Hajela et al. 2019), we
only adopt the narrow distribution model in this work as a
conservative estimate for the detection probability (since it
scales with θ2j ).
The final remark is that θ j in F15 are measured as the
jet edge of a top-hat jet, different from the definition of jet
width in our Gaussian jet model. For a same jet break time
observed in a short GRB afterglow, the Gaussian jet model
will measure a slightly smaller θ j (roughly by a factor of 0.7).
However, the resulting difference of detection probability is
at most a factor of 2, and hence we ignored it.
5 CONCLUSION
In this work we examined the prospects of detecting radio af-
terglows of FRBs, in the scenario that FRBs are produced by
BNS mergers. We considered the two components of outflow:
a relativistic jet and a mildly relativistic and isotropic ejecta.
Detection probabilities were calculated as a function of sen-
sitivity, source redshift and an observation time (Fig.2), as-
suming random viewing angles from the jet axis (i.e. assum-
ing that FRBs are not strongly beamed) and adopting the
model parameter distributions inferred from short GRB ob-
servations.
As a result, we found that the detection probability from
FRBs at z < 1 is between 1–10% for the typical sensitivity
(10− 100 µJy) of current radio telescope, which enhances to
>10% if a 1µJy sensitivity can be achieved by future facilities
(e.g. SKA). The expected flux peaks typically at ∼10 days
for a jet afterglow and ∼1 year for an isotropic afterglow.
We also found a tendency of later peak time towards closer
source and higher sensitivity, which can be attributed to the
contribution from low luminosity events whose afterglows
peak at a later time (Fig.3).
For individual FRBs with reported upper limits on a
persistent radio flux, we listed their maximum detection
probabilities for the two components at the best observa-
tion time in Table.2. Probability is less than 10% for most
of these FRBs, and hence no detection does not give a strong
constraint on the BNS merger scenario of FRBs. However,
a future larger sample would give a meaning constraint or
lead to a detection of a radio afterglow. In particular for the
repeating FRB 180916.J0158+65, we found a 60% chance of
detection for the isotropic component whose flux peaks at
about 10 years after the merger and remains detectable for
a few decades, as a natural consequence of its close distance
(z = 0.03). The time scale of 10 yrs is also comparable to
the lifetime of repeating FRBs formed by a BNS merger.
Though the detection probability is not close to 100% be-
cause of the distribution of model parameters, a long-term
radio monitoring of this object is thus interesting.
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